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ABSTRACT
NGC 5548 has been intensively monitored by the AGN Space Telescope and Optical Reverberation Mapping collaboration.
Approximately after half of the light curves, the correlation between the broad emission lines and the lag-corrected ultraviolet
continua becomes weak. This anomalous behavior is accompanied by an increase of soft X-ray emission. We propose a simple
model to understand this anomalous behavior, i.e., the corona might fall down, thereby increasing the covering fraction of the
inner disk. Therefore, X-ray and extreme ultraviolet emission suffer from spectral variations. The ultraviolet continua variations
are driven by both X-ray and extreme ultraviolet variations. Consequently, the spectral variability induced by the falling corona
would dilute the correlation between the broad emission lines and the ultraviolet continua. Our model can explain many additional
observational facts, including the dependence of the anomalous behavior on velocity and ionization energy. We also show that the
time lag and correlation between the X-ray and the ultraviolet variations change as NGC 5548 displays the anomalous behavior.
The time lag is dramatically longer than the expectation from disk reprocessing if the anomalous behavior is properly excluded.
During the anomalous state, the time lag approaches the light-travel timescale of disk reprocessing albeit with a much weaker
correlation. We speculate that the time lag in the normal state is caused by reprocessing of the broad line region gas. As NGC
5548 enters the abnormal state, the contribution of the broad line region gas is smaller; the time lag reflects disk reprocessing.
We also discuss alternative scenarios.
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ar
X
iv
:1
80
3.
06
09
0v
1 
 [a
str
o-
ph
.H
E]
  1
6 M
ar 
20
18
21. INTRODUCTION
Variations of active galactic nucleus (AGN) emission of-
ten provide model-independent constraints on the size of the
emission region. This approach is particularly effective in
studies of the cross correlation between two light curves of
AGN emission. For instance, the cross correlation between
the ultraviolet (UV) to optical variations of continua and
broad emission lines (BELs) can probe the distance between
the broad emission line region (BLR) and the ionizing con-
tinua (which is the extreme-UV, i.e., EUV, emission) and re-
veal the structure of the BLR. Similarly, the cross correlation
between any two light curves of AGN continua can constrain
the size of the central engine, which is widely believed to be
powered by accretion of materials onto a supermassive black
hole (SMBH).
Theoretically speaking, these correlations are causal in na-
ture. The BLR is photoionized by the intense EUV pho-
tons and emits both high- (e.g., C IV) and low-ionization
(e.g., Hβ) BELs. As a result, the BELs vary in response
to the ionizing continuum variations after light-travel time
delays. This is the “reverberation mapping” of BELs (RM;
see Blandford & McKee 1982). This technique, which usu-
ally requires time-resolved spectroscopy, has been applied to
some AGNs that are diverse in various properties (Kaspi et
al. 2000, 2007; Peterson et al. 2002; Peterson 2014; Bentz et
al. 2010b; Denney et al. 2010; Grier et al. 2012, 2017b; Du
et al. 2014; Bentz & Katz 2015; Shen et al. 2016). Empirical
relations between SMBH mass (MBH) and the size and the
velocity dispersion of the BLR have been established (which
are calibrated by the scaling relations between SMBHs and
the physical properties of the bulges of their host, see, e.g.,
Onken et al. 2004). These relations are referred as the single-
epoch virial MBH estimators (Vestergaard & Peterson 2006).
Moreover, with high-quality RM data, it is possible to pro-
duce velocity-delay maps of BLR and constrain the kinemat-
ics of the BLR gas (e.g., Denney et al. 2009; Bentz et al.
2010a; Grier et al. 2012, 2017a).
The inter-band correlations and time lags might be ex-
plained by the X-ray reprocessing scenario (e.g., Krolik et al.
1991). In the model, the highly variable X-ray emission can
illuminate and heat the surface layer of the outer accretion
disk (for a review, see Reynolds & Nowak 2003). The sur-
face layer then re-radiates the variable thermal emission that
is at least partially responsible for the observed variations in
UV, optical and near infrared (NIR) bands. Therefore, simi-
lar to that of the BLR case, the UV, optical and NIR emission
follows the X-ray continuum variations after light-travel time
delays. This model has been well developed and adopted
to fit the multi-band light curves (e.g., Edelson et al. 1996,
2015, 2017; Wanders et al. 1997; Collier et al. 1998; Sergeev
et al. 2005; McHardy et al. 2014, 2016, 2017; Shappee et al.
2014; Fausnaugh et al. 2016; Starkey et al. 2016; Cackett et
al. 2017; Starkey et al. 2017; Pal & Naik 2018). It is found
that the detected inter-band time lags are inconsistent with
the classical thin disk theory (e.g., Fausnaugh et al. 2016;
Starkey et al. 2017). Moreover, the time lag between X-ray
and UV emission is significantly longer than the light-travel
timescale (e.g., Edelson et al. 2017; McHardy et al. 2017; but
see McHardy et al. 2016). Other scenarios and characteris-
tic timescales, e.g., the dynamical timescales, are proposed
to explain the observations (e.g., Cai et al. 2017; Gardner &
Done 2017).
NGC 5548, a well-studied RM AGN, has been frequently
monitored by the most intensive RM experiment to date, the
AGN Space Telescope and Optical Reverberation Mapping
(STORM) collaboration. During this RM campaign, NGC
5548 was observed with space (including Swift, the Hub-
ble Space Telescope (HST); De Rosa et al. 2015; Edelson
et al. 2015) and ground-based telescopes (Pei et al. 2017)
with high cadence. The good time sampling, high signal-to-
noise ratio (S/N), multiwavelength (including X-ray, UV, op-
tical, and infrared) continua, and spectroscopic observations
have guaranteed to explore the high degree of detail of the
BLR (De Rosa et al. 2015; Pei et al. 2017), the accretion disk
(Edelson et al. 2015; Fausnaugh et al. 2016), and the corona
(Edelson et al. 2015).
As noted by Goad et al. (2016), the variations of BELs in
NGC 5548 underwent an interesting and unexpected anoma-
lous behavior. Approximately after half of the observations,
the BELs and the UV continua varied almost independently.
During this “abnormal” state, the X-ray spectra underwent
a significant evolution (Mathur et al. 2017). The anomalous
BEL variations infringe the basic RM assumptions and re-
quire a physical explanation. In this work, we propose a
simple falling corona model, aiming to explain this transient
anomalous phenomenon. We also illustrate that the abnormal
state has an effect on the time lag measurements between X-
ray and UV variations.
This paper is formatted as follows. In Section 2.1, we
present the observational facts of the anomalous behavior in
NGC 5548. In Section 2.2, we detail our simple model. We
summarize our results in Section 4. In this work, we adopt
MBH = 5× 107 M for NGC 5548 (Bentz & Katz 2015).
2. OBSERVATIONAL FACTS AND OUR MODEL
2.1. Observational facts
NGC 5548 was intensively monitored by the AGN
STORM project. The time baseline of the campaign is∼ 180
days (i.e., between HJD=2, 456, 690 and HJD=2, 456, 866,
or from 2014 February 1 through 2014 July 27). During the
first half of the AGN STORM campaign, BELs and UV emis-
sion vary coherently. However, the coherence disappears
starting on THJD ∼ 6747 days (THJD=HJD−2, 450, 000)
even if the mean flux is similar to that of the first half of the
light curve (see Figure 1 of Goad et al. 2016 and Figure 7 of
Pei et al. 2017). The observational constraints of the anoma-
lous behavior in NGC 5548 are enumerated as follows (Goad
et al. 2016; Mathur et al. 2017; Pei et al. 2017).
1. The response of the BELs to the UV continua behaves
anomaly starting approximately midway through the
campaign (Goad et al. 2016; Pei et al. 2017). To our
surprise, the BELs and the UV continua are uncorre-
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lated during this abnormal state. Meanwhile, the re-
sponsivity (i.e., the ratio of the changes of the BEL
fluxes to the changes of the continuum) also decreases
(i.e., the line emission is “lost”). Such anomalous
behaviors are found for both high- (e.g., CIV) and
low-ionization (e.g., Hβ) emission lines. The BLR
structure cannot change in such a short timescale; the
anomalous behaviors of BELs are likely caused by a
depletion of EUV photons.
2. The fraction of emission line lost with respect to the
UV fluxes, flost, is defined as flost = 1 − fobs/frec,
where fobs and frec are the observed and the expected
(which is reconstructed from the HST 1367 A˚ light
curve; Goad et al. 2016) BEL fluxes, respectively. It is
found that flost is distinctly velocity dependent. flost
increases from the line center to the wings (see Fig-
ure 10 of Pei et al. 2017).
3. The fraction of line emission lost for the high-
ionization BELs is higher than that of the low-
ionization BELs. For instance, while the fraction of
CIV lost is ∼ 18%, the fraction of Hβ lost is only
∼ 6% (see Table 6 of Pei et al. 2017).
4. During the abnormal state, the fraction of soft X-ray
excess increases (Mathur et al. 2017).
5. The abnormal state lasts for roughly ∼ 50 days (Goad
et al. 2016; Pei et al. 2017). NGC 5548 then returns to
a normal state.
2.2. The model
We propose a simple falling corona model that is illustrated
in Figure 1 to explain the observational facts listed in Sec-
tion 2.1. The corona is radially extended (which is consistent
with recent X-ray RM results; e.g., Wilkins et al. 2016) with
a scale height equal to several times of the scale height of
the accretion disk. The corona consists of two components,
i.e., the upper optically thin and the lower optically thick lay-
ers. The former component produces power-law X-ray emis-
sion (e.g., Haardt & Maraschi 1993); the later component is
responsible for the soft X-ray excess (e.g., Magdziarz et al.
1998). The formation of the corona is not entirely clear. For
simplicity, we assume that the corona itself dissipates energy
due to the viscous accretion process. That is, a substantial
accretion power is released in the corona. The radiative ef-
ficiency of the corona is less than that of the disk.1 Seed
photons from the underlying thin disk (Shakura & Sunyaev
1973) are Compton up-scattered into X-ray photons.
In the normal state, the corona is speculated to be in quasi-
equilibrium with the disk, i.e., there is no significant spectral
1 As demonstrated by Meyer-Hofmeister & Meyer (1999) and Liu et al.
(1999), the corona and the hot accretion flow (for a review, see Yuan &
Narayan 2014) are similar in many aspects.
Figure 1. An illustration of our simple model. The X-ray corona
consists of an optically-thick layer and an optically-thin compo-
nent. The former Comptonizes the seed EUV photons from the
inner disk (i.e., the blue solid light ray) and is responsible for the
soft X-ray excess; the later up-scatters the comptonized continuum
and emits the power-law X-ray emission. The X-ray emission also
illuminates the underlying accretion disk (i.e., the red light rays).
As the X-ray corona moves towards/away the accretion disk, NGC
5548 enters the abnormal state. This is because the fraction of the
UV/EUV-emitting regions that are covered by the corona increases
with the distance of the corona to the disk decreasing. As the corona
moves closer to the accretion disk, more UV/EUV photons will be
absorbed by the corona and up-scattered to X-rays. As such, the
X-ray spectrum would be softer and the coherence between X-ray
and UV photons would be diluted. The ionizing EUV photons seen
by the BLR gas are then depleted (see the dashed light ray), result-
ing in flux lost in BELs. High-ionization (E > 50 eV) BELs and
high-ionizing continuum are closer to the SMBH than their low-
ionization counterparts and are more easily covered by the corona.
Hence, high-ionization BELs (e.g., CIV) suffer deficits by a larger
fraction than the low-ionization BELs (e.g., Hβ). The line wings
are more likely produced in the inner parts of the BLR. As a result,
the line-wing fluxes are depleted by a larger factor. As NGC 5548
exits to the abnormal state, the corona rises up to the original po-
sition. Note that the UV/EUV emission regions are expected to be
radiation pressure dominated (see text).
variations. As pointed out by Ro´z˙an´ska et al. (2015), the op-
tically thick (with optical depth > 5) corona component can-
not exist in hydrostatic equilibrium with the accretion disk.
Let us image that, due to thermal instabilities in the corona,
the cooling is more efficient than the heating, and the corona
will condense and thus fall down. This non-equilibrium pro-
cess is responsible for the anomalous behavior in NGC 5548.
4As the corona falls down, the covering fraction of the in-
ner accretion disk increases. More seed photons emitted by
the inner accretion disk will be inverse Compton up-scattered
to X-rays. This leads to several observational consequences.
First, spectral variations in the EUV to X-ray bands are ex-
pected, i.e., the spectrum will be softer. The variations of
the normalization can lead to a positive inter-band correla-
tion that drives the tight inter-band correlations in the normal
state. On the contrary, the spectral variations can produce an
anti-correlation between the seed and the up-scattered pho-
tons (e.g., EUV and X-ray). The observed variations in the
X-ray or EUV bands are due to a combination of the vari-
ations of the normalization and spectral shape. As a result,
the correlation between X-ray and EUV might be weak in the
abnormal state. The UV variations could be driven by the X-
ray and EUV variations. Hence, we expect weak correlation
between EUV (BELs) and UV variations. Second, the frac-
tion of EUV photons that ionize the BLR gas drops (e.g., the
dashed light ray in Figure 1 is blocked) since the corona acts
as a “shield” and up-scatters the EUV photons to X-ray ones.
These two arguments can explain the observational facts #1
and #4.
In our scenario, the depletion of BEL fluxes depends
mainly on the reduction of EUV photons and the change
of the fraction of EUV photons directly seen by the BLR gas.
As the corona falls down, the decreasing amplitude of the
fraction of the EUV fluxes directly seen by the BLR gas is
smaller for clouds with smaller opening angles (i.e., the ratio
of the height to the radius, H/R). There is evidence that
the BLR is anisotropic with H/R < 1 since the line profiles
depend on inclination (e.g., Krolik 2001; Collin et al. 2006;
Decarli et al. 2008; Runnoe et al. 2013; Shen & Ho 2014).
The ratioH/R, as indicated by simple BLR kinematics mod-
eling results (e.g., Kollatschny & Zetzl 2011), decreases with
R. On the other hand, in some failed dusty wind BLR mod-
els (e.g., Baskin & Laor 2017), H/R scales with the dust
opacity; the dust opacity increases with frequency. As R de-
creases, the accretion disk is hotter. That is,H/R is expected
to decrease with increasing R. Therefore, the EUV photons
that ionize the inner parts (i.e., smaller radii) of the BLR gas
will be preferentially scattered by the corona as it falls down.
Since the line wings are more likely produced in these re-
gions, the fraction of emission line lost in the wings is larger
than that of the line center (i.e., the observational fact #2).
For NGC 5548, the shape of the velocity-resolved time-lag
profile is roughly symmetric about the line center (Denney
et al. 2009). Therefore, the blue and red wings show similar
anomalous behaviors.
Compared with Hβ, high ionization emission lines (e.g.,
C IV) respond to the variations of high energy ionizing con-
tinuum. The emission region of the high ionizing continuum
is much more compact and closer to the SMBH than the low
ionizing one. It is therefore possible that, as the corona falls
down, the high ionizing continuum is more preferentially up-
scattered into soft X-rays than the low ionizing one. Mean-
while, the C IV gas is more closer to the SMBH than the Hβ
gas. Hence, the fractions of depletion fluxes of high ioniza-
tion emission lines are larger than those of low ionization
emission lines. This can explain the observational fact #3.
As NGC 5548 returns to the normal state, we speculate
that the corona rises up to the original position. The tran-
sition timescale between the normal and abnormal states
is controlled by the cooling, the falling, and the Compton
timescales of the corona. The falling timescale is simply
the dynamical timescale, which is smaller than the thermal
timescale (see Eq. 2). The Compton timescale of the corona
with the seed photons generated in the classical thin accretion
disk is (Ishibashi & Courvoisier 2012)
Tct =
3mec
8σTCµ
= 0.25
0.1
η
(
Rc
100 RS
)2
0.1
m˙
MBH
5× 107 M
0.1
α
days
(1)
where me, c, σTC, µ, Rc, RS, η and m˙ are the mass of
electron, the speed of light, the Thomson cross section, the
photon energy density, the radial distance to the SMBH, the
Schwarzschild radius, the radiative efficiency, and the ratio
of the accretion rate to the Eddington accretion rate (i.e.,
1.3× 1018 MBH/M g s−1), respectively.
For the corona with local viscous dissipation, the cooling
time scale is (Cao 2016)
Tc =
Tth
f
=
2pi
fαΩK
= 80(
Rc
100 RS
)
3
2
MBH
5× 107 M
0.1
αf
days
(2)
where Tc, Tth, α, and ΩK are the cooling timescale, the
thermal timescale, the dimensionless viscosity, and Keple-
rian angular velocity, respectively. f < 1 is the ratio of
the radiation to the gravitational energy of the corona. It is
evident that the cooling timescale is much longer than the
dynamical and the Compton timescales. Hence, the transi-
tion timescale is mainly controlled by the cooling timescale,
which is Tc ∼ 50/2 = 25 days (i.e., the observational fact #
5; the factor of 2 is introduced since NGC 5548 returns to the
normal state). Therefore, the expected location of the corona
is Rc < 40 RS (i.e., Eq. 2), which is extended enough to ob-
scure the EUV emission regions. Note that the obscured disk
should be radiation-pressure dominated (Shakura & Sunyaev
1973).
3. THE RELATION BETWEEN THE X-RAY AND UV
VARIATIONS
3.1. Revisiting the cross correlation between X-ray and UV
emissions
Motivated by the observational fact #4 and our model, we
expect significant spectral evolution from the normal to the
abnormal state. As discussed in Section 2.2, the observed
X-ray variability could be driven by both the variations in
the normalization and spectral shape. Therefore, its power
spectral density might change as NGC 5548 moves from the
normal to the abnormal states. The ICCFs (i.e., the inter-
polation cross-correlation function; see, e.g., Peterson et al.
1998) is depend on the power spectral density (PSD) of the
light curves (Welsh 1999). Meanwhile, it is also speculated
that the variable BLR diffuse continuum emission can bias
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Figure 2. The ICCFs between the hard X-ray and the HST 1367 A˚
light curves. The solid, dashed, and dotted curves represent the IC-
CFs for the first segment (i.e., the normal state), the second segment
(i.e., the abnormal state), and the full light curves, respectively. The
shaded regions indicate the corresponding 1σ uncertainties (via the
FR/RSS simulation). It is evident that the hard X-ray and the HST
1367 A˚ variations are tightly correlated during the normal state.
This correlation is weak during the abnormal state. In Figures 2
& 3, we detrend the light curves by subtracting a 40-day boxcar
running mean.
the time lag between the X-ray and UV variations. In the ab-
normal state, the BLR emission is suppressed. Therefore, the
bias might be smaller than that of the normal state. Therefore,
it is inappropriate to measure the time lag between X-ray and
UV emission from the whole light curves. We therefore re-
visit the ICCF2 between the X-ray and the HST 1367 A˚ light
curves. Following Edelson et al. (2015) and Fausnaugh et
al. (2016), we only interpolate the HST 1367 A˚ light curve
and only consider the intensive monitoring period (i.e., from
THJD= 6706 to 6831). We detrend the light curves by sub-
tracting a 40-day boxcar running mean.
We separately apply the ICCF to the first (i.e., the nor-
mal state) and second (i.e., the abnormal state) segments of
the light curves. The epoch separating the two segments is
THJD= 6747 days (Pei et al. 2017).
The ICCFs for the hard X-ray (i.e., 0.8–10 keV) are shown
in Figure 2. The uncertainties are estimated by performing
the bootstrapping simulations (i.e., the FR/RSS; see Peterson
et al. 1998). The correlation between the hard X-ray and the
HST 1367 A˚ light curves is very tight in the normal state. On
the contrary, the correlation is weak in the abnormal state.
We measure the centroids of the ICCFs in Figure 2. The
centroid is calculated by considering the mean (weighted by
the correlation coefficient ρ) time lag for ρ > 0.8 ρmax. Fig-
2 We use PYCCF, Python Cross Correlation Function for reverberation
mapping studies, to calculate the ICCFs. For details, see http://ascl.
net/code/v/1868.
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Figure 3. The observed-frame hard X-ray time lag distributions
from our FR/RSS simulations. The solid, dashed, and dotted his-
tograms represent the distributions of Tlag for the first segment (i.e.,
the normal state), the second segment (i.e., the abnormal state), and
the full light curves, respectively. Negative values indicate that the
hard X-ray leads the HST 1367 A˚ variations. The time lag in the
abnormal state is shorter than that of the normal state. Therefore,
the time lag is significantly underestimated if the full light curves
were adopted.
ure 3 presents the distributions of the time lag of the hard X-
ray with respect to the HST 1367 A˚. If we only adopt the first
segment (i.e., in the normal state), the time lag is−1.54−0.50+0.44
days in the observed frame, where the uncertainties corre-
spond to the 25th and 75th percentiles of the distribution.
This result is significantly larger than the time lag measured
from the full light curves (−0.65−0.33+0.28 days). Therefore, the
time lag reported in Edelson et al. (2015) is significantly bi-
ased by the second segment of the light curves. Interestingly,
but not surprisingly, the time lag of the abnormal state is
−0.4−0.25+0.2 days, which is shorter than the normal state.
These results would not be significantly changed if we
measure the time lag by running JAVLIN (Zu et al. 2011).
However, the time lag depends on the detrending timescales.
Motivated by McHardy et al. (2017), we calculate the ICCFs
and determine time lags for different detrending timescales,
i.e., 5 days, 10 days, 20 days, 30 days, 40 days, and 60 days.
The results for the normal state are presented in Figure 4.
It is true that, for shorter smoothing timescales (e.g., 5 or
10 days), the time lag during the normal state tends to be
smaller. However, the correlation between the hard X-ray
and the HST 1367 A˚ light curve is also weaker. Moreover,
the difference between the positive and negative peaks tend
to diminish. Therefore, it is unclear whether the measured
time lag for short smoothing timescales is robust. For the ab-
normal state, the ICCF properties (i.e., the time lag, the peak,
and the difference between the positive and negative peaks)
are largely independent from the smoothing timescale. If we
60 25 50
Boxcar width [days]
0.2
0.4
0.6
ρ
m
a
x
0 25 50
Boxcar width [days]
0.0
0.2
0.4
∆
ρ
0 25 50
Boxcar width [days]
−4
−2
0
2
T
la
g
[d
ay
s]
Figure 4. The relation between the ICCF properties and the smooth-
ing timescale for the normal state. Upper left: The time lag between
the hard X-ray and the HST 1367 A˚ light curves as a function of the
boxcar smoothing timescale. Upper right: The ICCF peak as a func-
tion of the boxcar smoothing timescale. Lower left: The difference
between the positive ICCF peak and the negative one as a function
of the boxcar smoothing timescale. The time lag is indeed smaller
if we adopted shorter boxcar smoothing timescales. However, the
correlation tends to be weaker; the difference between the positive
and negative peaks is also diminished.
consider the full light curves, the time lag and other ICCF
properties approach those of the abnormal state.
We also explore the ICCFs between the soft X-ray (i.e.,
0.3–0.8 keV) and the HST 1367 A˚ variations. We again find
that the correlation of the normal state is significantly tighter
than that of the abnormal state.
3.2. Comparison with previous works
The time lag between X-ray and UV emission is also ex-
plored in several other sources, e.g., NGC 2617 (Shappee
et al. 2014), NGC 4151 (Edelson et al. 2017), NGC 4395
(McHardy et al. 2016) and NGC 4593 (McHardy et al. 2017).
In these sources, the X-ray to UVW2 time lag is measured.
We have also estimated the time lag between the hard X-
ray and UVW2 emission for the normal, the abnormal, and
the full light curves of NGC 5548. For the full light curves,
the time lag is −1.13−0.3+0.25 days, which is perfectly consis-
tent with that of Edelson et al. (2015). However, if we divide
the full light curve into two segments, the time lag changes.
For the normal (abnormal) state, the time lag is −3.08−0.48+0.51
days (−0.74−0.18+0.22 days). Note that the time lag in the ab-
normal state agrees well with that of McHardy et al. (2014)
who studied the Swift observations prior to the AGN STORM
project. Therefore, like other sources (except for NGC 4395),
the time lag of NGC 5548 in the normal state is vividly longer
than the light-travel timescale of disk reprocessing (by a fac-
tor of ∼ 10). However, the time lag of NGC 5548 in the
abnormal state again approaches the light-travel timescale al-
beit with a much weaker correlation.3
3.3. Implications to theoretical models
3.3.1. The implications of the time lag
We find that, after ignoring the second half of the AGN
STORM light curves, the observed time lag between the hard
X-ray and the HST 1367 A˚ emission is ∼ 1.5 days (see Fig-
ure 3). The ∼ 1.5-day time lag is much longer than the light-
travel timescale between the corona and the UV emission re-
gion (∼ 0.2 days if the distance is d ∼ 40 RS). However, the
time lag for the abnormal state is roughly consistent with the
light-travel timescale (i.e., within ∼ 1 σ errorbar).
The observed change of the time lags from the normal
to the abnormal state does not necessarily imply a mighty
change of the distance between the corona and the UV emis-
sion regions. It could also be caused by other factors, e.g.,
the variation of the transfer function (i.e., the function that
“translates” the X-ray light curves into UV light curves; see
e.g., Eq.∼ 2 of Horne et al. 2004) or the PSDs. If so, we
should also observe the changes in both the X-ray and UV
structure functions (i.e., the function that describes the vari-
ability as a function of the separating timescale). We adopted
the following definition to calculate the structure function
(e.g., Sun et al. 2015),
SF(∆t) =
√
(0.74IQR(∆m))2 − σ˜2e (3)
where IQR(∆m) is the 25% − 75% interquartile range of
∆m and σ˜2e is the median of the measurement variance of
∆m. ∆m = −2.5 log(f2/f1) is the difference between two
observations (i.e., f1 and f2) separated by ∆t. The constant
0.74 normalizes the IQR to be equivalent to the standard de-
viation of a Gaussian distribution.
The structure functions for the hard X-ray and the HST
1367 A˚ emission are presented in Figure 5. On timescales
∆t > 10 days, NGC 5548 is evidently less variable in the ab-
normal state. The evolution of the structure function in hard
X-ray is not unexpected in our simple falling corona model.
As mentioned in Section 2.2, both normalization and spectral
variations are expected during the abnormal state. The two
types of variability may cancel each other, resulting weaker
observed variations.
It is also interesting to mention that, for both two emission,
the structure functions are more flat in the abnormal state,
i.e., the contributions of short timescale (i.e.,< 10 days) vari-
ations to the observed light curves are higher in the abnormal
state than in the normal state. Therefore, our results appear to
3 We also explored the ICCFs between the hard X-ray and other UV-to-
optical bands and obtained similar conclusions. The time lag in the normal
state is much longer than the light-travel timescale of disk reprocessing; the
time lag in the abnormal state approaches the light-travel timescale of disk
reprocessing; the correlation in the abnormal state is much weaker than that
of the normal state. Note that the properties of ICCFs between the HST
1367 A˚ and other UV-to-optical bands are not very sensitive to the anoma-
lous behavior.
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Figure 5. The structure functions for the hard X-ray (upper) and
the HST 1367 A˚ emission (lower). On timescales ∆t > 10 days,
NGC 5548 is evidently more variable in the normal state. During
the abnormal state, the structure functions are more flat implying
higher contributions of short timescale variations to the observed
light curves.
be consistent with the speculation that the time lag is consis-
tent with the light-travel timescale of disk reprocessing if the
long timescale variations are suppressed (see also McHardy
et al. 2017).
How do we understand the time lags detected in the nor-
mal and abnormal states? There are several different scenar-
ios. First, in addition to the accretion disk, there could be
other reprocessors. For instance, as originally proposed by
Korista & Goad (2001) and recently suggested by Cackett et
al. (2017) and McHardy et al. (2017), the BLR gas might act
as a second reprocessor. During the normal state, the contri-
bution of the BLR component is strong; the observed ∼ 1.5-
day time lag reflects the response of the BLR reprocessor
(see, e.g., Figure 5 of Korista & Goad 2001). As NGC 5548
enters the abnormal state, the contribution of the BLR gas is
weaker; the time lag approaches the light-travel timescale be-
tween the corona and the underlying disk. This speculation
is qualitatively consistent with the anomalous behavior of the
BELs (i.e., the line emission is also “lost”) and our model.
Meanwhile, unlike the disk reprocessing, the BLR compo-
nent should contribute more to relatively long timescale vari-
ations. Hence, the variations of the HST 1367 A˚ emission on
∆t > 10 days are suppressed in the abnormal state.
The second possibility is that the time lag is not related to
the light-travel timescale. Cai et al. (2017) systematically ex-
plored the inter-band time lags by assuming a global common
temperature fluctuation in the accretion disk. They further as-
sumed that the timescale for the disk to respond to the global
temperature fluctuations is radius-dependent (the timescale
could be the dynamical or thermal timescale). They demon-
strated that this phenomenological model has the potential to
explain the observed time lags among UV-to-IR bands. If we
assume that the corona varies in lockstep with the innermost
(i.e., < 15 RS) accretion disk, we can also calculate the pre-
dicted time lag between the hard X-ray and the HST 1367 A˚
emission from the Cai et al. (2017) model. We find that the
predicted time lag is −2.69−0.73+0.5 days that is roughly consis-
tent with the time lag in the normal state. It is worth noting
that, if the size of the corona increases, the difference be-
tween the timescale of the corona respond to the global tem-
perature fluctuations and that of the UV emission decreases.
As a result, the time lag can be smaller.
The third possibility is that, as speculated by Gardner &
Done (2017), the dynamical or thermal timescales might be
responsible for the observed inter-band time lags. We can
then estimate the radius of the HST 1367 A˚ emission region
by assuming that the observed 1.5-day time lag is related to
the dynamical timescale. We find that the required radius is
Rrp ∼ 40RS which is quite consistent with the expectation of
the accretion theory (Fausnaugh et al. 2016). This scenario,
however, has the difficulty to explain the short time lag in the
abnormal state unless the dynamical or thermal timescale is
somehow not important in the abnormal state.
3.3.2. The implications of the correlation coefficient
As we mentioned in Section 3.1 (and Figure 2), the corre-
lation between the hard X-ray and the UV emission is rather
tight if we ignore the second half of the light curves (i.e., the
abnormal light curves). Indeed, the maximum correlation co-
efficient ρmax = 0.62 ± 0.04. We also use the lag-corrected
HST 1367 A˚ light curve to reconstruct the associated X-
ray emission. First, we fitted the continuous time first-order
autoregressive process (i.e., CAR(1); see, e.g., Kelly et al.
2009) to the lag-corrected HST 1367 A˚ light curve (a 40-day
boxcar running mean is subtracted) using CARMA4 (Kelly
et al. 2014). Second, we adopted the best-fitting CAR(1)
model to simulate the HST 1367 A˚ flux associated with the
hard X-ray flux (a 40-day boxcar running mean is also sub-
tracted) at each epoch. Third, we fitted a linear relation to
the first half (i.e., THJD< 6747 days) of two light curves.
4 This package can be downloaded from https://github.com/
brandonckelly/carma_pack.
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Figure 6. A comparison between the observed (a 40-day box-
car running mean is subtracted) and reconstructed hard X-ray light
curves. For THJD< 6747 (i.e., the “normal” state), the two light
curves are well matched. A similar correlation is not observed in the
“abnormal” state. The red thick vertical line indicates THJD= 6747
days.
Each data point is weighted by its measurement error. Using
the best-fitting linear relation and the simulated HST 1367 A˚
flux, we reconstructed the hard X-ray flux. In Figure 6, we
present both the observed and reconstructed hard X-ray light
curves. For THJD< 6747 days, the two light curves are rea-
sonably matched. The tight correlation between the X-ray
and UV emission is also observed for another source, NGC
4593 (McHardy et al. 2017).
During the abnormal state, the correlation between the
hard X-ray and the HST 1367 A˚ emission is rather poor
(ρmax = 0.34). There are “outliers” in the hard X-ray light
curve, i.e., the count rate increases by a factor of > 2 within
a few days. Similar features are not observed in the HST
1367 A˚ light curve. However, it should be noted that the
poor correlation is not caused by these outliers. We tried
to remove these X-ray outliers and recalculated the ICCF
of the abnormal state. The maximum correlation coefficient
ρmax = 0.36, i.e., the correlation is still poor.
How do we understand the change of the correlation coef-
ficient? For instance, according to our falling corona model,
the UV variations can be driven by both the X-ray fluctu-
ations and the changes of the solid angle subtended by the
UV emission regions from the corona. Meanwhile, the time
lag of the abnormal state is small. The ICCF depends more
critically on the interpolation since the sampling interval is
larger than the observed time lag. Therefore, the correlation
between the X-ray and UV variations is diluted.
Gardner & Done (2017) explored the expected correlation
between the hard X-ray and the UV emission from the X-ray
reprocessing scenario. They found that the simulated corre-
lation is much tighter than the AGN STORM light curves
and concluded that the observed UV-optical variations are
unlikely driven by the X-ray variability. Instead, they pro-
posed that the hot X-ray corona cannot directly illuminate
the accretion disk that is shielded by a UV torus. The X-ray
emission heats the UV torus; the UV torus then illuminates
the underlying accretion disk. As X-ray emission varies, a
heating wave dissipates outwards, which drives the variabil-
ity of the disk emission (e.g., optical emission). That is, the
variability of long-wavelength (i.e., optical, IR) emission is
controlled by the UV torus rather than the corona. Therefore,
the correlation between the hard X-ray and UV emission can
be poor. This model seems to be able to explain the poor cor-
relation in the abnormal state. However, in the normal state,
ρmax = 0.62 (if we interpolate the hard X-ray light curve,
then ρmax = 0.81 ± 0.05) is not radically smaller than the
expectation of the simple X-ray reprocessing (the simulated
ρmax u 0.8 ∼ 0.9; see Figures 4 & 5 of Gardner & Done
2017). Hence, the UV torus appears to be weak or absent in
the normal state.
The weak correlation between the X-ray and the UV varia-
tions is also observed in another source NGC 4151 (Edelson
et al. 2017). However, it is quite possible that the observed
X-ray emission does not vary in phase with the one that il-
luminates the accretion disk. For instance, gas clouds can
move into/away from light of sight on short timescales (for
NGC 4151, see Wang et al. 2010). Therefore, the nature of
the weak correlation could be different from that of the ab-
normal state of NGC 5548.
4. SUMMARY
We propose a simple falling corona model to explain the
anomalous behavior of the broad emission lines in NGC
5548. In our model, NGC 5548 enters the abnormal state
as the corona falls down towards the accretion disk. During
this process, the covering factor of the corona increases. This
process can naturally explain the observational facts summa-
rized in Section 2.1.
We demonstrate that the time lag between X-ray and UV
emission reported in the previous work is biased due to the
anomalous behavior. The time lag in the normal state is
−1.54−0.50+0.44 days (in the observed frame). The light-travel
time delay cannot account for the ∼ 1.5-day time lag. As
NGC 5548 enters the abnormal state, the time lag approaches
the light-travel timescale between the corona and the accre-
tion disk. We speculate that the time lag in the normal state
is related to reprocessing from the BLR gas. As NGC 5548
enters the abnormal state, the BLR contribution is smaller.
Therefore, the time lag reflects disk reprocessing. However,
other possibilities can not be excluded.
We also show that the correlation between the hard X-ray
and UV variations can be tight (ρmax ∼ 0.6) if the anoma-
lous behavior is properly excluded. The correlation coeffi-
cient is roughly consistent with the simple X-ray reprocess-
ing scenario. Therefore, the UV torus component proposed
by Gardner & Done (2017) is weak or absent in the normal
state of NGC 5548.
Our model makes a clear prediction. Instead of falling
down, the corona can also rise up to a larger scale of height.
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During the rising process, another type of the anomalous be-
havior of the BELs occurs. That is, while the correlation
between the variations of quasar continua and BELs is de-
stroyed, the BELs also show excess fluxes (i.e., flost < 0)
than the reconstructed BEL light curves (e.g., from the HST
1367 A˚ light curve) and the X-ray spectrum is harder. Future
RM experiments can verify such a scenario.
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